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Introduction 

This  report  covers  the  work  done  on  Contract  N00014-80-C-0566  during  the 
period  1  July  1980  through  30  June  1981.  The  objective  of  this  work  was  to  investigate 
crystallized  amorphous  metals  as  a  new  class  of  permanent  magnet  materials  with 
potentially  high  or  moderate  properties  at  low  cost.  This  was  done  by  the  means 
set  forth  in  the  work  statement.  In  brief,  they  are: 

1.  Preparation  of  samples  by  rapid  solidification  of  molten  metal,  followed  by 
heat  treatments  to  develop  optimum  permanent  magnet  properties.  Exploration  of  the 
variation  of  magnetic  properties  with  composition. 

2.  Determination  of  the  phases  and  structures  formed  on  annealing  by 
microscopy,  diffraction,  and  magnetic  domain  structure  observations.  Study  of  the 
kinetics  and  mechanisms  of  crystallization  by  thermal  and  thermomagnetic  analysis. 

3.  Analysis  of  magnetization  curves  and  hysteresis  loops  to  yield  information 
about  the  compositions  and  structures  of  the  phases  formed.  Studies  of  such  phases 
prepared  in  bulk. 

4.  Theoretical  studies  of  the  influence  of  microstructure  and  anisotropy  on 
coercive  force  and  remanence. 

This  report  gives  some  background  to  this  work,  reviews  our  accomplishments 
during  the  stated  period,  anu  indicates  the  direction  the  work  is  now  taking. 

The  work  in  the  current  period  has  resulted  in  four  presentations  and  two  papers 
published  in  technical  journals.  These  papers  and  digests  are  incorporated  into  this 
report. 
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High-Anisotropy  Materials 

A  useful  permanent  magnet  material  must  combine  a  reasonably  high  saturation 
magnetization  4irMg  with  a  large  coercive  force  Hc>  The  latter  is  generally  associated 
with  a  high  magnetocrystalline  anisotropy.  Before  the  advent  of  amorphous  metals,  a 
search  had  been  carried  out  at  the  General  Electric  Research  and  Development  Center 
for  intermetallie  compounds  that  might  combine  high  magnetization  with  high 
anisotropy.  A  number  of  interesting  compounds,  including  borides,  phosphides, 
stannides,  carbides,  and  germanides,  were  prepared  by  conventional  metallurgical 
techniques,  which  was  often  difficult.  A  summary  of  the  properties  found  is  given  in 
Table  L 


Compound 

°C 

Room  T  Sat. 

Gauss 

Room  T  H  Observed 
c 

Oersteds 

Fe3Sn 

470 

12,300 

201 

Fe^Ge 

382 

14,900 

— 

Fe5Ge3 

212 

7,180 

432 

Fe3P 

508 

13,900 

220 

Fe3C 

217 

13,700 

230 

Fe  B 

335 

8,300 

24 

Fe0.5Wn0.5B 

513 

10,270 

295 

Mn  B 

330 

13,100 

53 

Fe3B 

518 

14,800 

— 

Table  I  -  Summary  of  intermetallie  compounds 
combining  high-magnetizaticn  high-anisotropy  properties. 

These  results  suggest  some  potentially  interesting  materials,  although  many  of  them 
are  difficult  to  prepare.  At  this  point  the  enormous  magnetocrystalline  anisotropy  of 
CogY  became  known,  and  the  large  coercive  forces  shown  by  CogSm  were  discovered 
in  this  laboratory.  Research  and  development  were  then  concentrated  on  the 
cobalt-rare-earths,  culminating  in  a  new  class  of  commercial  materials  with  proper¬ 
ties  far  beyond  anything  previously  attainable,  but,  of  course,  relying  on  costly  and 
strategic  materials. 
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Crystallized  Amorphous  Materials 

In  our  studies  of  amorphous  materials,  which  began  in  1974,  one  of  our  concerns 
has  been  the  effect  of  annealing  treatments  on  the  soft  magnetic  properties.  When  a 
temperature  is  reached  at  which  crystallization  begins,  typically  400-500°C,  the 
coercive  force  rises  rapidly  and  the  outstanding  soft  magnetic  properties  are  lost. 
However,  it  appeared  to  us  that  at  times  could  rise  to  values  high  enough  to  be 
interesting  and  useful  as  a  permanent  magnet  material.  For  example,  an  amorphous 
Fe40N‘40P20  aU°y-  as  PrePared»  an  Hc  of  0.05  Oe  (Oersteds).  When  it  was 
crystallized,  its  Hc  was  365  Oe.  This  mater ial  has  4irMg  of  8850  G  (Gauss).  An 
amorphous  Fe-B  alloy,  with  4irMg  of  14,300  G,  was  annealed  to  an  Hc  of  110  Oe. 
Preliminary  numbers  of  this  sort  strongly  indicated  a  high  potential  for  useful 
permanent  magnet  materials,  especially  considering  that  these  alloys  contain  no 
cobalt.  For  comparison,  Alnico  IQC,  which  also  contains  no  cobalt,  has  a  remanence 
Br  of  7500  G  and  an  Hc  of  400  Oe.  Its  maximum  energy  product  (BH)m  is  only 
1.35  MGOe  (million  gauss-oersteds),  which  is  low  because  this  material  is  isotropic. 
The  Alnicos  that  contain  24%  cobalt  have  Hc  varying  from  580  to  1100  Oe,  B^  of  7500 
to  13,400  G,  and  (BH)m  of  2.75  to  7.5  MGOe.  Barium  ferrites  have  Br  up  to  2000  G 
and  (BH)m  of  <1  MGOe  in  plastic-bonded  form,  and  ip  to  4000  G  and  3  MGOe  in 
sintered  form.  In  spite  of  these  modest  properties  they  find  considerable  application 
because  of  their  low  cost.  An  intermetallic  compound  with  4wMg  of  10,000  G  and  Hc 
of  500  Oe,  packed  to  80%  density  and  80%  aligned,  would  have  (BH)m  in  the  vicinity  of 
3  MGOe.  Such  material  would  be  extremely  useful,  particularly  as  it  might  well 
contain  no  cobalt  and  be  made  from  inexpensive  material. 

Guided  by  these  considerations,  we  made  a  preliminary  investigation  of  a  large 
number  of  alloys.  Melt-quenched  ribbons  were  annealed  for  15  minutes  at  525°C, 
which  may  not  have  been  optimum  for  every  alloy  but  probably  did  not  completely 
miss  any  significant  candidates.  The  results  of  this  survey  are  summarized  in  Table  n, 
for  alloys  containing  no  cobalt,  and  Table  HI,  for  alloys  with  cobalt. 

In  a  number  of  cases  additional  temperature  runs  were  made.  The  general 
conclusions  that  could  be  drawn  from  this  survey  were  the  following: 

1.  For  non-cobalt-containing  alloys,  phosphorus  and  carbon  seemed  to  lead  to 
higher  Hc  than  boron. 

2.  In  a  number  of  cases  there  were  abrupt  changes  in  HQ  with  composition. 

3.  In  many  Co-bearing  alloys  the  crystallized  materials  gave  hysteresis  loops 
showing  clearly  the  presence  of  two  phases  of  different  magnetic  properties. 
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Fe 

Ni 

P 

B 

C 

Si 

Cr 

V 

H 

c 

70 

10 

20 

50 

65 

20 

15 

80 

60 

20 

20 

43 

50 

30 

20 

35 

42.5 

42.5 

15 

200 

43 

43 

16 

220 

41.5 

41.5 

17 

175 

40 

40 

20 

365 

30 

50 

20 

285 

20 

60 

20 

275 

43 

43 

14 

25 

41 

41 

18 

23 

40 

40 

20 

40 

38 

38 

24 

24 

30 

50 

20 

33 

41 

42.4 

16 

0.6 

330 

40 

40 

17 

3 

116 

40 

40 

14 

6 

53 

80 

14 

6 

68 

70 

10 

14 

6 

23 

70 

10 

14 

6 

124 

60 

20 

14 

6 

68 

40 

40 

14 

6 

53 

40 

40 

14 

6 

330 

80 

5 

15 

43 

80 

15 

5 

29 

72 

28 

84 

74 

26 

87 

76 

24 

23 

78 

22 

24 

80 

20 

21 

82 

18 

13 

84 

16 

11 

85 

15 

9 

86 

14 

45 

88 

12 

54 

92 

8 

45 

75 

10 

15 

33 

84 

15 

1 

69 

81 

15 

4 

89 

85 

14 

1 

67 

84 

8 

4 

4 

51 

81.5 

14.5 

4 

58 

76 

18 

6 

13 

75 

14 

6 

5 

24 

80 

10 

10 

20 

65 

20 

10 

5 

61 

82 

15 

3 

46 

81 

12 

7 

18 

80 

10 

10 

26 

Table  0  -  Survey  of  melt-quenched  alloys  without  cobalt  and  resulting  H 
after  annealing  at  525°C  for  15  minutes.  c 
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Fe  Ni  Co  P  B 


72 

28 

82 

74 

26 

107 

76 

24 

44 

77 

23 

24 

78 

22 

32 

80 

20 

104 

82 

18 

470 

83 

17 

290 

84 

16 

390 

38 

38 

24 

27 

40.5 

40.5 

19 

38 

41 

41 

18 

23 

42 

42 

16 

14 

42.5 

42.5 

15 

14 

43 

43 

14 

13 

53 

30 

17 

78 

60 

20 

20 

31 

50 

30 

20 

21 

20 

60 

20 

85 

45 

45 

10 

102 

41 

41 

18 

222 

40 

40 

20 

315 

39 

39 

22 

312 

38 

38 

24 

360 

40 

40 

20 

92 

28 

28 

28 

16 

64 

Table  III  -  Survey  of  melt  quenched  alloys  with  cobalt  and  resulting  H 
after  annealing  at  525°C  for  15  minutes.  ' 
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All  of  these  observations  clearly  pointed  to  the  need  of  better  understanding  of 
three  things: 

1.  The  mechanism  and  kinetics  of  the  crystallization  process,  which  deter¬ 
mine  the  identity  and  morphology  of  the  phases  produced; 

2.  The  magnetic  properties  of  the  phases  being  formed; 

3.  The  relationship  of  magnetic  properties  to  the  structure  of  partially  or 
totally  crystallized  materials. 

The  highest  Hc  obtained  in  this  preliminary  survey  for  a  non-cobalt-containing 

alloy  was  365  Oe  for  Fe40Ni40P20'  At  that  time  the  hi&hest  value  for  any  aUoy  was 
470  Oe  for  COg2®i8*  Since  then,  these  values  have  been  increased  to  420  and  830  Oe, 
as  described  below.  These  are  very  respectable  coercive  forces,  covering  most  of  the 
range  of  the  Alnicos.  Such  coercive  forces  could  well  be  the  basis  for  a  widely  useful 
family  of  materials. 

A  number  of  cobalt -cotta in ing  alloys  exhibited  very  clear-cut  two-phase  hyster¬ 
esis  loops  and  clearly  defined  domain  structures.  Thus  it  appeared  useful  to  continue 
investigating  some  of  them  as  an  effective  means  toward  the  understanding  of  the 
coercivity  mechanism.  In  our  continuing  work,  the  techniques  of  light  and  electron 
microscopy,  diffraction,  calorimetry,  and  hysteresis  loop  analysis  have  been  supple¬ 
mented  by  resistivity  measurements  of  the  transforming  alloy,  and  by  magnetic 
domain  observations,  both  in  crystallized  amorphous  materials  and  in  crystalline 
phases  prepared  in  bulk. 

Current-Pulse  Annealing 

The  exploration  of  alloy  systems  has  been  greatly  speeded  by  the  use  of 
current-pulse  annealing.  In  this  technique  ribbons  are  annealed  by  short  (S1  sec) 
pulses  of  successively  greater  current.  In  this  way  it  is  possible  to  locate  high 
Hcmaxima  for  crystallized  amorphous  metals,  as  in  Figure  1,  the  entire  experiment 
taking  only  a  few  minutes.  The  highest  Hc  found  in  this  way  was  consistently  higher 
than  that  found  isothermally  in  a  given  alloy.  This  may  be  associated  with  the  rapid 
rate  of  temperature  rise.  Some  comparative  values  are  shown  in  Table  IV.  The  value 
of  420  Oe  for  Fe4o^*4oP20  s*1°wn  *n  ^ble  is  the  highest  so  far  for  a  non-cobalt- 
containing  alloy.  The  highest  Hc  seen  was  830  Oe  in  another  run  on  the  material 
shown  in  Figure  1. 

High  Remanence  Ratios 

A  very  important  phenomenon  has  been  observed  in  annealed  ribbons  of  a  number 
of  alloys.  The  ratio  of  remanence  to  saturation  of  the  ribbon  as  annealed  is  much 


800 


Figure  1  -  Coercive  force  resulting  from  succes¬ 
sive  1 -second  annealing  pulses  of  increasing  current 
in  an  initially  amorphous  Fe^  jCo-jq  3^*  13®  10 


H  at  525 °C 

Composition  Current-Pulse  Hc  for  15  Minutes  Best  Isothermal  Hq 


Fe40N,40P20 

420 

365 

365 

Fe70Nl10P14C6 

181 

124 

— 

Fe63Co20B17 

200 

78 

159 

Co82B18 

580 

470 

470 

Co77B23 

400 

24 

— 

Table  IV  -  Comparative  H  values  for  selected  compositions 
using  pulse-annealing,  and  at  525°C  for  15  minutes. 
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higher  than  0.5  and,  for  example,  in  the  alloy  shown  in  Figure  1,  may  be  more  than  0.8. 
If  the  structure  consisted  of  a  random  distribution  of  particles  with  uniaxial  anisotro¬ 
py,  the  remanence  would  be  at  most  0.5,  each  particle  saturated  in  the  easy  direction 
nearest  to  the  magnetizing  field.  Higher  values  imply  either  that  there  is  a  strong 
crystallographic  alignment,  which  seems  unlikely,  or  that  the  crystal  symmetry  is 
higher,  with  multiple  nearly  equivalent  easy  directions,  as  might  well  be  the  case  in 
some  of  these  materials.  Calculations  indicate  that  the  remanence  can  vary  from  0.5 
to  0.87  depending  on  the  distribution  of  easy  directions.  This  has  the  important 
practical  consequence  that  a  material  with  both  high  symmetry  and  high  anisotropy 
would  not  need  to  be  aligned  for  good  properties,  and  they  would  be  equally  good  in  all 
directions.  All  of  the  best  permanent  magnet  materials  now  in  use  are  aligned  by  one 
means  or  another.  This  step  is  both  crucial  and  difficult,  and  improves  the  properties 
in  the  alignment  direction  at  the  expense  of  those  transverse  to  it. 

Resistance  Monitoring 

The  resistance  of  a  ribbon  being  pulse  annealed  shows  very  significant  changes. 
Figure  2  shows  this  behavior  for  the  same  alloy  shown  in  Figure  1.  The  initial  hold  and 
subsequent  drop  in  R/Rq  indicate  different  crystallization  processes.  If  now  Hc  is 
plotted  as  a  function  of  R/Rq,  as  in  Figure  3,  it  can  be  seen  that  the  maximum  in  Hc 
occurs  at  an  intermediate  value.  The  results  of  x-ray  diffraction  are  also  indicated  on 
Figure  3,  with  the  important  result  that  the  high  Hc  occurs  when  the  material  is  only 
partially  transformed  from  the  amorphous  to  the  crystalline  state.  The  crystalline 
phase  present  in  this  condition  in  this  particular  alloy  has  not  yet  been  identified,  but 
the  fact  that  the  remanence  ratio  is  0.82  strongly  suggests  that  it  is  not  single- 
easy-axis. 

In  an  alloy  of  F^qCojqBjq,  the  transformation  curve,  as  shown  in  Figure  4,  is 
characterized  by  a  practically  discontinuous  and  very  reproducible  initial  drop. 
Crystallization  is  complete,  into  an  (Fe,  Co)3B  structure,  with  a  low  Hc.  It  has  not 
been  possible  to  produce  a  partially  crystallized  sample.  Further  pulse  annealing 
changes  the  structure  to  (Fe,  Co)„B+a,  with  H  an  order  of  magnitude  higher. 
^e62  5^°37  5^2®  *s  *<nown  t0  have  single-easy-axis  anisotropy. 

Rare  Earths 

Alloys  of  various  Fe-B-Tb-La  compositions  have  been  prepared  and  ribbons  are 

beginning  to  be  made  from  them,  following  some  work  recently  reported  by  Koon, 
2 

Williams,  and  Das.  It  appears  that  rare  earths  may  provide  performance-to-cost 
benefits  in  crystallized  amorphous  materials  and  this  possibility  is  incorporated  into 
our  future  work. 
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Figure  2  -  Resistance  monitoring  of  Fe^  ^Co^  jSij^BjQ  during  pulse 
annealing. 

Fe47CoTO3  Si|5B|0 


R/R0 

Figure  3  -  Relationship  of  Hcto  R/RQ  of  Fe^  jCo7Q  ^Si  |  ^  Q 


F#50  Co 30  B20 


Figure  H  -  Resistance  monitoring  of  Fe^jCo^gB^during  pulse 
annealing. 

RFe„  compounds  in  crystalline  form  have  been  found  to  have  enormous  room- 
*  3 

temperature  magnetostriction,  suggesting  that  their  anisotropy  may  be  high,  and 
indeed  DyFe2  and  TbFe2  have  anisotropy  constants  of  the  same  order  as  those  of 
Co5Sm4.  However,  the  RFe2  phases  are  cubic.  Again,  this  raises  the  possibility  that 
permanent  magnets  based  on  such  materials  might  not  require  alignment  since  the 
remanence  ratio  of  the  randomly  oriented  phase  should  exceed  0.8. 

Amorphous  RFe2  compounds  have  been  prepared  by  sputtering.  Amorphous 

TbFe„  is  the  first  amorphous  material  whose  magnetic  structure  has  been  studied  by 
**  5 

neutron  diffraction.  At  liquid  helium  temperatures  these  alloys  show  very  large 

6 

coercive  forces,  since  the  local  anisotropy  dominates  the  exchange  interaction.  At 

7 

room  temperature  its  coercive  force  is  small.  However,  Clark  annealed  amorphous 
TbFe„  at  various  temperatures  and  observed  that  the  room -temperature  H  suddenly 
increased  to  3400  Oe  for  an  annealing  temperature  of  350°C,  producing  a  material 
with  a  (BH)m  of  7  MGOe.  In  this  state  it  appears  to  be  partially  crystalline. 

Q 

Croat,  Chraplyvy,  and  Herbst  have  reported  on  the  crystallization  of  amorphous 
Pr27Co73,  also  prepared  by  sputtering.  They  found,  as  a  function  of  annealing 
temperature,  a  rapid  increase  in  Hq  to  a  sharp  peak  followed  by  a  steep  decline.  The 
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highest  value  they  attained  was  6800  Oe.  Again,  this  value  seems  to  correspond  to 
partial  crystallization. 

Koon  et  al.  attempted  to  add  Dy  to  a  Fe-B  amorphous  alloy  to  investigate 
magnetostriction.  They  found  that  this  induced  cast-in  crystals,  but  that  La  could  be 
added  without  rendering  the  ribbon  crystalline,  and  furthermore  that  the  presence  of 
La  made  it  possible  to  add  other  rare  earths  as  well.  They  prepared  an  amorphous 
quenched  ribbon  of  (Fe  82B  ig)  gTb  Q5La  Q5  and  then  annealed  it,  attaining  Hc  of 
7.3  kOe.  Again,  in  this  state  it  was  only  partially  crystallized. 

Domain  Studies 

Study  of  magnetic  domain  structures  in  ferromagnetic  materials  can  be  useful  in 
identification  of  phases  and  in  determination  of  the  size  and  orientation  of  grains.  It 
can  also  reveal  the  magnetic  symmetry  (e.g.,  easy-axis  vs.  easy-plane)  of  specific 
phases  and  can  yield  data  on  domain-wall  energy  and  magnetocrystalline  anisotropy. 

Crystallization  of  amorphous  Co-B  or  Fe-B  ribbons  generally  leads  to  the 
formation  of  orthorhombic  Co3B  and  tetragonal  FegB  phases,  whose  magnetic  sym¬ 
metries  were  unknown  prior  to  this  study.  We  have  studied  magnetic  domain 
structures  in  these  and  related  ternary  phases,  using  both  the  polar  Kerr  technique 
(polarized  light  in  normal  incidence)  and  the  Bitter  technique  (domain-wall  decoration 
by  magnetic  colloid).  In  order  to  study  the  thermodynamic  stability  of  the  various 
phases,  we  have  studied  alloys  as  chill-cast,  after  annealing,  and  in  the  direction¬ 
ally-solidified  condition,  in  addition  to  samples  of  crystallized  amorphous  ribbon. 

The  orthorhombic  Co^B  phase  exhibited  a  strong  polar  Kerr  effect  and  showed 

domain  structures  similar  to  those  of  Co  and  Co^Sm,  characteristic  of  easy-axis 

magnetic  symmetry.  The  domain  structure  in  crystallized  Co-24  at  pet  B  ribbon  is 

shown  in  Figure  5.  From  the  average  domain  width  in  such  pictures,  a  domain-wall 
2 

energy  17  ergs/cm  was  estimated.  This  is  intermediate  between  the  wall  energies  of 
Co  and  Co5Ce,  and  indicates  a  substantial  magnetocrystalline  anisotropy. 

It  was  found  that  up  to  half  of  the  Co  in  CogB  could  be  replaced  by  Fe  while  still 
retaining  the  orthorhombic  structure  and  easy-axis  magnetic  symmetry.  However,  the 
temperature  range  of  stability  of  the  (Co,  Fe)jB  phase  decreased  with  increasing  Fe 
content. 

The  tetragonal  COgB  phase,  in  contrast,  has  easy-plane  magnetic  symmetry,  but 
easy-axis  domain  patterns  were  observed  after  replacing  half  of  the  Co  with  Fe,  i.e., 
in  tetragonal  CoFeB,  consistent  with  the  observations  of  Iga.1 
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750X 
Figure  5 


Domain  structure  of  crystallized  Co 
24  at. pet.  B. 


300X 
Figure  6 


Domain  structure  of  cast-in  Fe-B 
crystals  in  amorphous  Fe24  at.  pet.  B 
using  Bitter  technique. 


The  tetragonal  Fe^B  phase  showed  no  Kerr  contrast,  but  domain  structure  in 
cast-in  Fe^B  crystals  in  otherwise  amorphous  Fe  -  24  at  pet  B  could  be  seen  with  the 
Bitter  technique  (Figure  6).  These  patterns  indicate  easy  axis  nearly  normal  to  the 
surface  in  the  crystal  in  the  lower  right. 

The  Fe^B  phase  is  metastable  and  decomposes  to  FegB  plus  Fe  on  heating  to 
elevated  temperatures.  However,  it  was  found  that  as  little  as  2  at  pet  P  can  stabilize 
the  tetragonal  Fe^B  phase.  A  crystallized  ribbon  of  Fe  -  23  at  pet  B  -  2  at  pet  P 
phase  contained  only  tetragonal  Fe,j(B,P)  at  temperatures  at  least  up  to  1000°C. 

To  supplement  our  studies  of  crystallized  amorphous  ribbons,  nearly  single¬ 
phase,  large-grained  samples  of  (Co,  FeJ^B  and  Fe^B.P)  were  prepared  by  extended 
annealing  of  cast  alloys  and  reduced  to  fine  powder  for  coercivity  and  anisotropy 
measurements.  Domain  structures  show  that  the  powders  consist  primarily  of 
single-crystal  particles  (Figure  7).  Similar  powders  have  been  prepared  of  orthor¬ 
hombic  Fe^(B,C)  and  hexagonal  Fe^Sn.  All  of  these  phases  have  substantial  Curie 
temperatures  and  magnetization  and  possess  anisotropic  crystal  structures.  If 
subsequent  measurements  on  the  various  powders  reveal  any  of  these  phases  to  have 
substantial  magnetocrystalline  anisotropy,  that  will  establish  their  potential  as  a 
permanent-magnet  material. 


Future  Directions 


The  partially  transformed  nature  of  the  high-eoercive-force  state  appears  to  be 
a  very  important  guiding  principle  in  the  pursuit  of  new  permanent  magnet  materials. 
It  is  entirely  consistent  with  the  idea  that  a  good  permanent-magnet  material  should 
have  a  structure  that  is  magnetically  as  heterogeneous  as  possible  on  a  very  fine  scale. 
Along  this  line,  we  have  prepared  some  alloys  containing  chromium.  These  can  be  non¬ 
magnetic  at  room  temperature  in  the  amorphous  state  but  strongly  magnetic  when 
crystallized,  leading  to  a  partially  transformed  state  of  maximum  magnetic  hetero¬ 
geneity.  These  alloys  are  now  being  investigated.  Another  possibility  is  to  prepare 
alloys  from  systems  that  exhibit  limited  liquid  solubility,  in  the  hope  that  more  than 

Q 

one  amorphous  phase  may  form,  as  has  been  seen  before.  We  have  prepared  alloys 
containing  various  amounts  of  copper.  The  ingots,  while  reasonably  uniform,  show 
some  evidence  of  having  been  solidified  from  a  two-liquid  melt.  Ribbons  have  been 
made  from  these  alloys  but  not  yet  tested. 

The  exciting  results  that  have  recently  been  obtained  by  others  with  rare  earth 
additions  certainly  make  this  an  important  direction  to  follow.  It  is  too  early  to  assess 
the  economics,  although  one  must  remember  that  while  ten  atomic  percent  rare  earth 
sounds  small,  it  is  still  25  weight  percent.  However,  the  resulting  properties  may  be 
worth  it,  particularly  if  they  can  be  achieved  in  the  absence  of  strategic  elements  such 
as  cobalt.  This  suggests  that  the  direction  of  work  in  this  contract  can  shift  from 
exclusively  low-cost  materials  to  those  with  high  performance  at  moderate  cost. 
Along  these  lines,  preparation  methods  should  not  be  limited  to  melt-quenching  but 
include  other  means  of  finding  interesting  and  potentially  useful  materials. 
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Abstracts  of  the  talks  and  the  texts  of  the  papers  are 
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CRYSTALLIZED  AMORPHOUS  METALS* 

JJ  Becker.  General  Electric  Corporate  Research  and  Development, 
PO  Box  8,  Schenectady,  NY  12301 

Amorphous  metals  are  usually  considered  as  potential  soft  mag¬ 
netic  materials  because  of  their  very  low  coercive  force  H  . 
However,  when  they  are  crystallized  H  increases  by  orders  Sf 
magnitude  and  may  reach  values  that  make  them  potentially  useful 
as  permanent  magnet  materials.  These  are  generally  characterized 
by  a  magnetically  heterogeneous  structure  on  a  fine  scale  and  by 
high  magnetocrystalline  anisotropy  K  in  one  or  more  phases.  Cry¬ 
stallization  of  amorphous  metals  sometimes  produces  phases  not 
otherwise  observable,  possibly  with  high  K.  The  highest  H 
occurs  when  the  amorphous  metal  is  only  partially  crystallized? 
Coercive  forces  of  hundreds  of  Oe  have  been  produced  in  materials 
containing  no  cobalt  or  rare  earths  and  thousands  of  Oe  have  been 
attained  with  rare  earths.  The  present  situation  will  be  summar¬ 
ized,  including  composition  effects,  current-pulse  crystalliza¬ 
tion  and  resistivity  monitoring,  magnetic  analysis,  and  other 
experimental  methods. 


•Supported  in  part  by  the  Office  of  Naval  Research 


19 


EFFECTS  OF  ADDITIONS  ON  PREPARATION,  CRYSTALLIZATION,  AND  STRUC¬ 
TURE  OF  SOME  AMORPHOUS  ALLOYS* 


jIL  Walter .  General  Electric  Corporate  Research  and  Development, 
PO  Box  8,  Schenectady,  NY  12301 

Elemental  additions  to  transition  metal-metalloid  binary  amor¬ 
phous  alloys  often  make  it  easier  to  prepare  completely  amorphous 
alloys.  These  same  additions  may  also  have  profound  effects  on 
the  temperatures  of  crystal  nucleation  and  growth.  It  might  be 
expected  that  these  additions  would  also  affect  the  amorphous 
structure. 

This  talk  examines  effects  of  various  additions  to  the  Fe-B  and 
Co-B  binary  alloy  systems  in  terms  of  ability  to  prepare  amor¬ 
phous  ribbons  free  of  cast-in  crystals.  The  characteristics  of 
the  cast-in  crystals  versus  those  formed  by  heating  to  crystalli¬ 
zation  are  described.  The  effects  of  additions  on  crystalliza¬ 
tion  are  also  examined.  It  is  shown  that  the  change  of  crystall¬ 
ization  temperature  as  a  function  of  amount  of  third  element 
added  to  binary  Fe-B  alloys  is  directly  related  to  the  difference 
in  atom  radii  between  the  iron  atom  and  the  addition  atom  for  ten 
different  elements. 

Changes  in  structure  as  a  function  of  additions  are  inferred  from 
microhardness  measurements,  Mossbauer  spectroscopy,  and  measure¬ 
ments  of  the  rate  of  increase  of  viscosity  for,  for  example,  the 
F®82-xB18Six  alloY  system.  It  is  observed  that  while  the  activa¬ 
tion  Energy  for  crystallization,  the  crystallization  temperature, 
and  the  microhardness  increase  with  increasing  Si  content,  there 
is  no  change  in  the  Mossbauer  spectra  nor  does  the  activation 
energy  for  the  rate  of  increase  of  viscosity  change  with  increas¬ 
ing  Si.  These  and  other  results  are  related  to  structures  of  the 
amorphous  alloys. 


•Supported  in  part  by  the  Office  of  Naval  Research 


GENERAL  £  ELECTRIC 


C»»»rol  Eltc'ric  Company 
Corpora'*  (*i*ar<h  and  Oovolopmon' 
Schonot'ady,  Now  York 


TECHNICAL  INFORMATION 
SFRIFS 


•  ’ho.  Walter,  JL 

Livingston,  JD 
Davis,  AM* 


amorphous  metals 


80CRD255 


November  1980 


Cast-In  Crystals  in  Amorphous  Ribbons 


1 


IS 


Oft'GiHATING 

COMPONENT 


Metallurgy  Laboratory 


C0N*>0*AT£ 

»£5E»»Ch  ANO  DEVELOPMENT 
SCHCStC^AOv.  n  t 


Cast-in  crystals  have  been  observed  in  amorphous  alloy  ribbons  of 
Co-B,  Fe-B,  Ni-B,  FeNi-B,  and  FeCo-B  prepared  by  the  chill-block  cast¬ 
ing  technique.  Their  presence  was  determined  by  optical  microscopy, 
microradiograhy,  x-ray  diffraction,  scanning  and  transmission  electron 
microscopy,  and  Bitter  and  Kerr  domain  observation  techniques.  The 
cast-in  crystals  are  often  very  large,  indicating  growth  velocities  greater 
than  1  cm/s  and  growth  temperatures  greater  than  1000  °C.  Most  of 
the  crystals  are  of  the  expected  stable  phase  but  in  the  Fe-B  series,  the 
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CAST-IN  CRYSTALS  IN  AMORPHOUS  RIBBONS 

J.L.  Walter,  J.D.  Livingston,  and  A.M.  Davis 


INTRODUCTION 

Amorphous  alloy  ribbons  are  commonly  pre¬ 
pared  by  the  chill-block  casting  technique,  in  which 
a  stream  of  molten  alloy  is  ejected  onto  a  rapidly 
moving  chill  surface.  Alloy  ribbons  that  are  partly 
or  fully  crystalline  can  also  be  prepared  by  this  tech¬ 
nique,  either  directly  from  casting  or  by  heating  an 
initially  amorphous  ribbon.  Such  ribbons  may  exhi¬ 
bit  unusual  physical  properties,  because  the  high 
quenching  rates  of  chill-block  casting  can  produce 
microstructures  and,  in  some  cases,  metastable 
phases  not  attainable  by  ordinary  casting  techniques. 

Although  the  crystallization  of  amorphous  alloys 
by  heating  has  received  considerable  attention,  there 
has  been  little  discussion  of  the  cast-in  crystals  that 
sometimes  occur  in  amorphous  ribbons.  Whether 
they  are  a  desired  or  an  undesired  part  of  the  final 
product,  it  is  important  to  characterize  these  crystals 
and  understand  their  formation. 

We  report  here  observations  on  cast-in  crystals  in 
a  number  of  transition  metal-boron  alloys.  Since 
cast-in  crystals  in  small  volume  fractions  often  es¬ 
cape  detection  by  conventional  x-ray  techniques,  we 
emphasize  a  variety  of  supplementary  experimental 
techniques  that  have  been  found  useful. 

EXPERIMENTAL  PROCEDURE 

Ingots  of  Co-B,  Fe-B,  Ni-B,  FeNi-B,  and  FeCo-B 
were  prepared  by  melting  and  chill  casting  under  ar¬ 
gon  in  an  induction  furnace.  The  starting  materials 
were  vacuum-melted  cobalt,  vacuum-melted  electro¬ 
lytic  iron,  270  nickel,  and  99.8%  crystal  boron.  The 
ingots  were  then  crushed  and  used  as  starting  ma¬ 
terials  in  the  preparation  of  alloy  ribbons  by  chill 
block  casting.*"  A  copper  drum  of  10  or  15  cm  di¬ 
ameter  was  used,  with  a  surface  speed  of  about 
30  m/s.  The  resulting  ribbon  was  about  27  j*m 
thick  by  1-2  mm  wide. 

Ribbons  were  routinely  examined  by  optical  mi¬ 
croscopy  and  x-ray  diffraction,  including  both 
Debye-Scherrer  and  pinhole  transmission  diffraction. 
The  latter  technique,  while  covering  a  similar  area 
of  sample,  is  more  sensitive  than  the  Debye- 
Scherrer  technique  in  detecting  cast-in  crystals. 
X-ray  diffraction  analysis  of  residues  after  etching 
also  proved  useful.  Selected  samples  were  examined 


by  transmission  electron  microscopy  (TEM),  scan¬ 
ning  electron  microscopy,  microradiography,  and 
Bitter  and  Kerr  domain-observation  techniques. 

EXPERIMENTAL  RESULTS 
Co-B 

!n  some  cases,  cast-in  crystals  as  large  as  100  /im 
are  observed,  as  in  the  C074B26  ribbon  shown  in  Fig¬ 
ure  1.*  Such  crystals  generally  have  depressed 
centers  on  the  air  side  of  the  ribbon,  suggesting  that 
crystal  growth  terminated  on  this  surface  while  the 
ribbon  was  still  liquid.  Such  crystals  are  also  usually 
associated  with  depressed  areas  on  the  drum  side  of 
the  ribbon,  generally  much  larger  than  the  crystals 
themselves.  These  areas  result  from  entrapped  air 
pockets  at  the  melt-drum  interface.  The  resulting 
reduction  in  local  quenching  rate  apparently  contri¬ 
butes  to  the  nucleation  and  growth  of  cast-in  crys¬ 
tals. 

Debye-Scherrer  analysis  of  this  and  other  Co-B 
ribbons  failed  to  reveal  the  presence  of  cast-in  crys¬ 
tals  in  amounts  less  than  about  5%  by  volume, 
although  they  could  be  revealed  both  by  optical 
microscopy  and  by  measurements  of  the  tempera¬ 
ture  coefficient  of  resistivity. <2>  The  crystals  were 
identified  by  Debye-Scherrer  analysis  of  the  residue 
remaining  after  electrolytically  thinning  the  ribbon 
in  7%  HCI/methanol,  which  preferentially  dissolves 
the  amorphous  matrix.  Such  residue  analysis  for  a 
series  of  Co-B  ribbons  identified  the  cast-in  crystals 
as  tetragonal  Co2B  for  Co7oBjo  and  Co72B28, 
orthorhombic  C03B  for  C075B25,  C077B23,  and 
Co80B2o,  and  as  a  mixture  of  Co3B  and  fee  Co  for 
Co84B)6. 

Contact  microradiography  was  applied  to  each  of 
the  above  alloys  after  etching  to  remove  some  of 
the  amorphous  matrix  and  expose  the  crystals.  In 
this  technique,  a  photographic  emulsion  is  placed  in 
direct  contact  with  the  ribbon  surface,  and  an  image 
is  obtained  by  differential  absorption  of  the  x-rays. 
Microradiographs  of  as-cast  Co80B2o  and  Co70B)o  rib¬ 
bons  are  shown  in  Figure  2.  The  light  regions  are 
the  crystals. 

•  All  A|ures  appear  at  the  end  of  this  report 
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The  difference  in  magnetic  properties  between 
cast-in  crystals  and  the  amorphous  matrix  can  also 
be  useful  in  characterizing  such  crystals. 
Orthorhombic  CotB  has  a  strongly  preferred  crystal¬ 
lographic  axis  of  magnetization  When  this  axis  has 
a  component  normal  to  the  surface,  the  emerging 
fields  strongly  attract  the  ferrofluid  used  in  the  Bitter 
domain-observation  technique  as  seen  in  Figure  3a. 
showing  crystals  in  Co-6B24  ribbon  On  a  mechani¬ 
cally  polished  surface,  these  emerging  fields  also 
result  in  strong  domain  contrast  in  polarized  light  by 
the  polar  Kerr  effect  (Figure  3b)  The  cast-in  Co3B 
crystals  in  the  higher-boron  ribbons  neither  attract 
ferrofluid  nor  show  Kerr  contrast  This  results  from 
the  easy-plane  magnetic  symmetry  of  Co2B.  which 
allows  the  magnetization  to  remain  parallel  to  the 
specimen  surface.  Domain  patterns  such  as  those  in 
Figures  3a  and  3b  are  determined  by  the  orientation 
of  the  magnetic  easy  axis  of  Co,B.  Thus  the  Bitter 
and  Kerr  techniques  can  be  helpful  not  only  in  iden¬ 
tifying  the  phases  of  cast-in  crystals,  but  also  in 
determining  their  orientation. 

Transmission  electron  microscopy  of  as-cast 
Co-,B:<  ribbon  reveals  Co,B  crystals  with  widely 
varying  microstructures.  Some  Contain  fault-like 
features  (Figure  4a),  some  cellular  features 
(Figure  4b),  and  some  an  extensive,  ultrafine  struc¬ 
ture  (Figure  4c).  The  microstructure  of  Co3B  crys¬ 
tals  in  C078B22  is  again  different,  both  for  cast-in 
crystals  (Figures  5a, b)  and  for  crystals  formed  on 
heating  to  709  K  (Figure  5c).  The  diffraction  pat¬ 
tern  of  the  crystals  formed  on  heating  (Figure  5c) 
shows  highly  faulted  crystals,  and  these  crystals  are 
reminiscent  of  Fe3B  crystals  formed  by  heating 
FejioBjn  and  Fe50Ni3oB2n  ribbons.'31 

Heating  of  amorphous  ribbons  containing  cast-in 
crystals  leads  both  to  the  formation  of  fine  crystals 
from  the  amorphous  phase  and  to  the  further 
growth  of  the  large  cast-in  crystals  (Figure  6a).  This 
layer  of  new  growth  can  also  be  seen  by  microra¬ 
diography  (Figure  6b)  and  scanning  electron  micros¬ 
copy  (Figure  6c)  of  ribbons  in  which  the  matrix  has 
been  partly  etched  away. 

Fe-B 

As  reported  elsewhere,'41  Fe-B  ribbons  with  less 
than  14%  or  more  than  21%  boron  were  found  to 
contain  cast-in  crystals.  The  low-boron  ribbons  con¬ 
tained  round  alpha-iron  crystals  quite  different  in 
morphology  from  the  dendritic  alpha-iron  crystals 
produced  on  heating  these  hypoeutectic  alloys.'5' 
The  high-boron  ribbons  contained  cast-in  crystals  of 
metastable  tetragonal  Fe3B,  which  attracted 


ferrofluid  strongly  (Figure  7a).  Use  of  dark-field 
microscopy  reveals  magnetic  domain  patterns  in  the 
surrounding  amorphous  matrix  (Figure  7b).  In¬ 
terpretation  of  these  patterns1*’1  indicates  that  the 
matrix  is  under  compression  in  the  direction  of  the 
c-axis  of  the  Fe3B  crystal,  and  under  tension  in 
directions  normal  to  the  c-axis.  These  stresses 
presumably  result  from  anisotropic  differential  ther¬ 
mal  contraction  between  matrix  and  crystal  during 
cooling,  the  crystal  a-axis  contracting  more,  and  the 
c-axis  less,  than  the  matrix. 

By  transmission  electron  microscopy,  the  cast-in 
tetragonal  Fe3B  crystals  are  usually  nearly  feature¬ 
less,'71  although  some  heavily  structured,  finer  Fe3B 
crystals  are  found  imbedded  within  the  larger  crys¬ 
tals  (Figure  8a).  These  latter  crystals  decompose  to 
the  equilibrium  Fe2B  and  alpha-iron  phases  on  heat¬ 
ing  to  773  K  (Figure  8b),  whereas  the  larger, 
featureless  crystals  do  not  decompose  until  much 
higher  temperatures. 

Fe3B  crystals  formed  from  the  amorphous  phase 
in  Fe7?B28  and  Fe7fcB24  by  heating  also  appear 
featureless.  Heating  Fe84B!6  produces  primary 
alpha-iron  particles  and  featureless  Fe3B.'5'  How¬ 
ever,  heating  Fe80B20  produced  only  Fe3#  crystals 
with  an  ultrafine  but  strong  columnar  microstruc¬ 
ture.'3’ 

Fe-Ni-B 

Transmission  electron  microscopy  of  as-cast 
Fe43Ni43BM  and  Fe39Ni39B22  ribbons  indicate  that 
most  cast-in  crystals  have  the  fee  (Fe,Ni)23B6  struc¬ 
ture  (isostructural  with  Cr23C6).  Some  crystals  are 
essentially  featureless  while  others,  sometimes  even 
adjacent  crystals,  appear  highly  faulted.'7'  In  addi¬ 
tion  to  very  large  cast-in  crystals,  as  discussed  above 
for  Co-B  and  Fe-B,  there  were  also  numerous  finer 
crystals  (Figure  9).  An  area  originally  thought  to  be 
amorphous  (Figure  10a)  was  found,  by  diffraction 
pattern  (Figure  10b)  and  dark-field  microscopy 
(Figure  10c)  to  be  microcrystalline,  with  an  average 
grain  size  of  about  250  A. 

FeCo-B 

Ribbons  of  Fe38Co38B24  contain  cast-in  crystals  of 
orthorhombic  (FeCo)jB  with  no  microstructural 
features.  However,  ribbons  of  Fe^Co^Bu  have 
cast-in  crystals,  identified  as  (FeCo)3B  by  diffraction 
analysis,  that  contain  a  pronounced  substructure. 
One  such  crystal  appears  in  Figure  1 1 ,  in  which  the 
diffraction  pattern  indicates  a  spread  of  about  12° 
about  the  (322)  normal  to  this  crystal. 
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Ni-B 

In  the  alloys  discussed  above,  most  cast-in  crys¬ 
tals,  both  large  and  small,  appear  relatively  un¬ 
faceted.  In  contrast,  some  of  the  cast-in  crystals  in 
NiMBM  ribbon  are  hexagonal  in  form  and  contain  a 
dendritic  substructure,  much  like  a  snowflake  (Fig¬ 
ure  12).  These  crystals  have  been  identified  by 
x-ray  diffraction  as  orthorhombic  Ni4B, 

DISCUSSION 

For  each  alloy  and  crystallization  mode,  the  rate 
of  crystallization  will  go  through  a  maximum  with 
decreasing  temperature,  producing  the  familiar 
C-curve  181  When  crystallization  occurs  on  heating 
an  amorphous  alloy,  it  occurs  on  (he  lower  portion 
of  this  C-curve.  However,  most  cast-in  crystals 
grew  on  the  upper  portion  of  the  C-curve,  at  much 
higher  temperatures  and  velocities  than  the  crystals 
formed  on  heating.  Estimating  from  known  cooling 
rates,'11  large  cast-in  Fe,B  crystals  such  as  those  in 
Figure  7  grew  in  times  less  than  10~J  s,  hence  at 
growth  velocities  greater  than  1  cm/s.  By  extrapo¬ 
lating  data  from  Heroic!  and  Koster,191  for  Fe,B 
growth  at  lower  temperatures,  such  velocities  indi¬ 
cate  that  these  crystals  grew  at  temperatures  over 
1000  °C.  The  same  is  probably  true  for  the  large 
(>  10  /cm)  cast-in  crystals  observed  in  the  other  al¬ 
loys  studied.  Their  association  with  air  pockets  on 
the  drum  side  of  the  ribbon  indicates  their  foima- 
tion  was  aided  by  a  local  lowering  of  the  cooling 
rate.  However,  only  a  small  fraction  of  the  air  pock¬ 
ets  had  associated  cast-in  crystals,  indicating  that 
crystal  formation  was  limited  by  a  shortage  of  nu- 
cleation  sites. 

The  much  smaller  cast-in  crystals  sometimes 
seen,  such  as  those  in  Figures  9  or  10,  probably 
formed  at  much  lower  temperatures,  on  the  lower 
portion  of  the  C-curve.  The  high  initial  cooling 
rales  characteristic  of  chill  block  casting  are  main¬ 
tained  only  while  the  ribbon  maintains  contact  with 
the  drum.  Even  when  such  initial  cooling  is 
sufficiently  rapid  to  avoid  the  nose  of  the  C-curve, 
the  much  slower  cooling  that  occurs  after  leaving 
the  drum  can  allow  crystallization  to  occur  at  lower 
temperatures. 

Herold  and  Koster'91  have  distinguished  between 
three  different  crystallization  modes  in  alloys  such  as 
these  polymorphous  crystallization  (single-phase 
growth  with  no  composition  change),  primary  crys¬ 
tallization  (single-phase  growth  with  rejection  of 
solute),  and  eutectic  crystallization  (simultaneous 
two-phase  growth).  Most  of  the  cast-in  crystals  are 
probably  examples  of  polymorphous  crystallization, 


the  crystallization  mode  that  requires  the  least 
diffusion 

In  most  of  the  alloys  studied,  the  phase  of  the 
cast-in  crystals  is  present  in  the  equilibrium  phase 
diagram,  although  it  often  formed  well  off  equilibri¬ 
um  stoichiometry  The  exception  is  Fe-B,  where 
the  tetragonal  Fe,B  phase  is  a  metastable  phase. 
This  phase  forms  on  crystallization  of  heated  amor¬ 
phous  ribbons,"  s>  but  on  further  heating  to  600  °C 
or  above,  decomposes  to  the  equilibrium  Fe2B  +  Fe 
phases.'91  It  is  interesting  that  the  cast-in  crystals 
grow  with  the  metastable  FeiB  structure  at  tem¬ 
peratures  well  in  excess  of  these  decomposition  tem¬ 
peratures  Apparently  the  short  times  involved 
favored  polymorphous  crystallization,  much  as 
lowered  diffusion  rates  favor  this  mode  at  lower 
temperatures. 

The  presence  of  Fe2B  crystals  in  the  cast  ribbon 
might  be  expected  since  it  appears  that  the  chemical 
short  range  order  of  the  amorphous  Fe75B2s  is  simi¬ 
lar  to  the  short  range  order  of  crystalline  FejB."  101 
It  has  been  suggested  that  this  unique  ordering  may 
extend  to  the  Fe-B  melt"’  which  could  account  for 
the  preference  for  the  cast-in  metastable  Fe7B  crys¬ 
tals  over  the  stable  Fe2B  crystals  which  grow  from 
the  melt  at  lower  cooling  rates.'4’ 

Since  cast-in  crystals  and  crystals  formed  on 
heating  grow  under  much  different  conditions,  it  is 
not  surprising  that  their  microstructures,  as  ob¬ 
served  by  TEM,  are  often  different.  The  high 
growth  rates  themselves  may  sometimes  lead  to 
faulted  structures,  but  faults  may  also  be  caused  by 
off-stoichiometric  compositions.  Slight  deviations 
from  stoichiometry  can  be  accommodated  by  faults 
that  do  not  preserve  composition,  such  as  crystal¬ 
lographic  shear  planes."11  It  may  sometimes  be 
difficult  to  distinguish  between  such  faults  and  fine 
second-phase  regions,  i.e.,  fine  eutectic  crystal¬ 
lization.  Some  of  the  highly  structured  crystals 
often  seen,  such  as  those  in  Figures  5  and  1 1  and 
the  Fe,B  crystals  in  heated  Fe8oB2n  ribbon, may 
in  fact  be  two-phase  on  a  very  fine  scale,  even 
though  the  minority  metallic  phase  was  not  detected 
in  diffraction  patterns. 

The  small  structured  Fe?B  crystals  seen  in 
Figure  8a  may  contain  such  fine  Fe  inclusions, 
which  would  provide  easy  nucleation  sites  for  the 
decomposition  to  the  equilibrium  Fe2B  and  Fe 
phases  (Figure  8b). 

Finally,  we  note  the  utility  of  a  broad  variety  of 
experimental  techniques  in  detecting  and  character¬ 
izing  casl-in  crystals.  X-ray  diffraction  of  ribbons  or 
etching  residue,  optical  microscopy,  transmission 
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and  scanning  electron  microscopy,  microradiogra¬ 
phy,  and  resistivity  measurements  all  may  contribute 
helpful  information  Where  the  phases  formed  are 
ferromagnetic.  Bitter  and  Kerr  domain-observation 
techniques  are  also  useful 

ACKNOWLEDGMENTS 

Optical  microscopy  was  performed  by  C.R.  Rodd 
and  transmission  electron  microscopy  by 
E.F  Koch  of  the  'norgamc  Materials  and  Structures 
Laboratory 

REFERENCES 

1  J.L  Waller,  Rapid!)  Quenched  Metals,  III.  V.I.. 
The  Metals  Society.  London.  1978,  p.  30. 

2.  A  Mogro-Campero  and  J.L  Walter,  to  be  pub¬ 
lished.  also  General  Electric  TIS  Report 
80CRD073 

3.  J.L.  Walter.  S.F.  Bartram.  and  R  R.  Russell, 
Metall.  Trans.  9.4  (1978)  803. 


4.  J.L.  Walter,  to  be  published  in  J.  Non-Crys. 

Solids. 

5.  J.L.  Walter,  S.F.  Bartram,  and  I.  Mella,  Mater. 
Sci  Eng.  36  (1978)  193. 

b.  J.D.  Livingston,  Phys.  Status  Solidi  A  56  (1979) 
637. 

7.  J.L.  Walter,  Proceedings  of  the  2nd  Internation¬ 
al  Conference  on  Rapid  Solidification  Process¬ 
ing,  Virginia,  March  1980. 

8.  H.A.  Davies,  Phys.  Chem.  Glasses  17  (1976) 
159. 

9.  U.  Herold  and  U.  Koster,  Rapidly  Quenched  Me¬ 
tals.  Ill ,  The  Metals  Society,  London,  VI 
(1978)  p.  281.  Also,  U.  Koster  and  U.  Herold, 
to  be  published  in  Metallic  Glasses,  Springer, 
1980. 

10.  1.  Vincze,  D.S.  Boudreaux,  and  M.  Tegze,  Phys. 
Rev.  B  19  (1979)  4896. 

11.  J.S.  Anderson,  J.  Chem.  Soc.,  Dalton  Trans.  10 
(1973)  1  107. 


<») 


(b) 


Figure  2.  (a)  Microradiograph  of  crystals  In  CogoByo  ribbon,  and  (b)  microradiograph  of  crystals  in  CotoB.. 
ribbon. 
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Figure  3.  (a)  Magnetic  domains  in  crystals  in  Co^B^  ribbon  using  the  Bitter  technique,  and  (b)  magnetic 
domains  revealed  by  the  Kerr  technique  in  crystals  in  C076B24  ribbon. 
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Figure  4  (continued),  (c)  With  ultraflne  structure. 


(a) 

Figure  5.  TFM  and  electron  diffraction  patterns 
C'oiB  crystals;  (a)  in  cast  Co^sBj^  ribbon. 
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<b)  (c) 

Figure  5  (continued),  (b)  In  cast  Co78B22  ribbon,  and  (c)  in  ribbon  heated  to  709  K  and  quenched. 


(b)  (c) 

FiRure  6.  (a)  Optical  microRraphs  of  cast-in  crystals  in  lonRitudinal  sections  of  CognB^o  ribbon  showing  growth 
caused  by  heating,  (b)  microradioRraph  of  crystal  in  CotoB;o  ribbon  heated  to  735  K  and  quenched,  and 
(c)  scanning  electron  micrograph  of  crystal  in  C070B30  ribbon  heated  to  735  K  and  quenched. 


(■)  (b) 

Figure  7.  Magnetic  domain  In  FtjjB;r  ribbon;  (a)  In  crystals  revealed  by  the  Bitter  technique,  and  (b)  In  adja¬ 
cent  amorphous  matrix  revealed  by  dark-fleld  microscopy. 
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MAGNETIC  DOMAINS  IN  COBALT  AND  IRON  BORIDES 


J.D.  Livingston 


INTRODUCTION 

Crystallization  of  amorphous  Co-B  or  Fe-B  alloys 
generally  leads  to  the  formation  of  orthorhombic 
C03B  or  tetragonal  FejB  phases. n)  We  have  studied 
magnetic-domain  patterns  in  these  and  related  ter¬ 
nary  phases,  produced  in  various  ways,  as  part  of  a 
general  program  examining  the  magnetic  properties 
of  crystallized  amorphous  alloys.  Domain  studies 
can  be  useful  both  in  microstructural  analysis  and  in 
identification  of  magnetic  symmetries. 

EXPERIMENTAL 

Various  Co-B,  Co-Fe-B,  Fe-B,  and  Fe-B-P  alloys 
were  prepared  by  melting  and  chill  casting  under 
argon  in  an  induction  furnace.  Portions  of  the 
ingots  were  crushed  and  used  as  starting  material  for 
chill-block  melt-spinning. <3)  This  process  produced 
largely  amorphous  ribbons,  about  27  jim  thick  and 
1-2  mm  wide.  Selected  alloys  were  also  produced  by 
directional  solidification  of  1.9-cm-diameter  ingots, 
at  a  rate  of  0.64  cm/hr  under  a  temperature  gradient 
of  170  °C/cm  Various  annealing  experiments  were 
done  under  argon  or  in  evacuated  quartz  tubes. 
Portions  of  the  samples  were  crushed  to  powder  and 
analyzed  by  Debye-Scherrer  technique.  Magnetic 
domains  were  observed  using  polarized  light  in  nor¬ 
mal  incidence  (the  polar  Kerr  technique)  or  by 
applying  ferrofluid  to  freshly  polished  or  as-cast  sur¬ 
faces  (the  Bitter  technique). (3) 

OBSERVATIONS 

The  orthorhombic  Co3B  phase  is  stable  between 
1125  °C,  where  it  forms  bv  peritectic  reaction 
between  Co2B  and  the  Co-rich  melt,  and  845  °C, 
below  which  it  decomposes  (sluggishly)  to 
Co+CojB  by  eutectoid  reaction. ,4)  Its  peritectic  for¬ 
mation  is  clear  from  the  microstructure  of  chill-cast 
ingots  of  Co-25  at.%  B  (Figure  la).  The  Co3B  phase 
appears  as  a  reaction  layer  around  the  faceted  Co2B 
dendrites,  and  is  in  turn  surrounded  by  C0  +  C03B 
eutectic.  Chill-cast  ingots  in  which  one  quarter  or 
one-half  of  the  Co  is  replaced  by  Fe  show  similar 
microstructures.  However,  annealing  these  Co-B 
and  Co-Fe-B  ingots  for  three  days  at  1030  °C  pro¬ 
duces  essentially  single-phase  orthorhombic  C03B  or 
(Co.FeJsB  (Figure  lb).  The  domain  structure  seen 


Figure  1.  (a)  Chill  casting  of  Co-25  at.%  B, 
(b)  annealed  casting  of  (Co j<,¥e  35)36. 
Arrows  in  these  and  subsequent  figures  indi¬ 
cate  50  fim. 

by  the  Kerr  effect  in  Figure  lb  (and  in  the  C03B 
phase  in  Figure  la)  resembles  that  seen  in  Co  and 
other  materials  with  substantial  magnetic  anisotropy 
and  a  single,  easy  (low  energy)  direction. <3) 

Nearly  single-phase  C03B  can  also  be  produced 
by  directional  solidification  of  Co-25  at.%  B 
(Figure  2a),  in  which  the  formation  of  a  Co-rich 
liquid  layer  at  the  solid-liquid  interface  allows  direct 
formation  of  C03B  from  the  melt.  However,  direc¬ 
tional  solidification  of  the  Fe-substituted  alloys  leads 
only  to  peritectic  multiphase  microstructures 
(Figures  2b  and  2c),  probably  because  the  Fe  lowers 
the  formation  temperature  of  the  C03B  phase.  With 
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Figure  2.  Transverse  sections  of  directionally  solidified  ingots;  (a)  Co-25  at.%  B,  (b)  Co-18. 8  Fe-25  B,  (c)  Co-37.5 
Fe-25  B,  (d)Co-37.5  Fe-25  B  with  Bitter  solution,  dark  field. 


increasing  Fe,  the  reacted  layer  of  (Co,Fe)jB 
decreases  in  thickness,  while  the  volume  fractions  of 
eutectic  and  of  (Co, Fe)2B  dendrites  increase. 
Metallographic  evidence  of  eutectoid  decomposition 
of  the  (Co.Fe)jB  phase  in  some  regions  of  the 
higher  Fe  alloys  suggests  that  Fe  also  raises  the 
eutectoid  temperature. 

The  substitution  of  Fe  for  one-half  of  the  Co 
produces  faint  domain  contrast  by  the  Kerr  effect  in 
the  (Co,Fe)2B  phase,  although  the  easy-axis  domain 
structure  in  this  phase  is  most  easily  seen  by  the 
Bitter  technique  (Figure  2d).  Apparently  the  easy 
magnetic  axis,  the  tetragonal  c-axis,  coincides  with 
the  dendrite  growth  direction.  For  lower  Fe  con¬ 
tents,  the  (Co,Fe)2B  has  easy-plane  magnetic  sym¬ 
metry,  shows  no  polar  Kerr  effect,  and  collects  little 
ferrofluid. 

Nearly  single-phase  CojB  can  also  be  produced 
by  crystallization  of  melt-spun  amorphous  ribbons  of 
Co-24  at.%  B  (Figure  3).  The  large  crystals 
( >  100  ^m)  were  present  in  the  as-cast  ribbon,  as 
described  elsewhere,151  but  the  smaller  crystals 
(1-20  ftm)  formed  from  the  amorphous  matrix  on 
heating  to  575  °C.  Note  that  CojB  is  metastable  at 


this  temperature,  which  is  well  below  the  eutectoid 
decomposition  temperature  of  845  °C. 

Evidence  that  Fe  decreases  the  stability  of.  the 
orthorhombic  C03B  phase  is  not  unexpected,  since 
there  is  no  stable  FejB  phase  in  the  Fe-B  equili¬ 
brium  diagram.  Although  orthorhombic  FejB  has 
sometimes  been  reported  in  crystallization  of  amor¬ 
phous  Fe-B  alloys,  the  metastable  be  tetragonal  FejB 


Figure  3.  Co-24  at.%  B  melt-spun  ribbon  after  20  min 
at  575  °C. 
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phase  is  usually  the  one  observed.  Bitter  patterns 
on  cast-in  Fe3B  crystals'5*  in  Fe-24  at.%  B  ribbon 
(Figure  4a)  indicate  easy  axis  magnetic  symmetry, 
with  the  tetragonal  c-axis  presumably  the  easy  axis. 
Dark-field  microscopy  reveals  magnetic  domain  pat¬ 
terns  in  the  surrounding  amorphous  matrix 
(Figure  4b).  Interpretation  of  these  patterns'61  indi¬ 
cates  that  the  matrix  is  in  compression  in  the  direc¬ 
tion  of  the  c-axis  of  the  FejB,  and  under  tension  in 
directions  normal  to  this  axis.  These  stresses 
presumably  result  from  anisotropic  differential  ther¬ 
mal  contraction  between  matrix  and  crystal  on  cool¬ 
ing,  the  Fe3B  c-axis  contracting  less,  the  a-axis 
more,  than  the  matrix. 

Crystallization  of  the  amorphous  matrix  in  Fe-24 
at.%  B  at  low  temperatures  produces  fine  crystals  of 
tetragonal  Fe3B.  However,  heating  this  metastable 
phase  to  above  about  600  °C  leads  to  decomposition 
to  the  stable  Fe  +  Fe3B  phases.'"  We  have  found 
that  substitution  of  as  little  as  2  at.%  P  for  B  can  sta¬ 
bilize  the  tetragonal  Fe3(B,P)  phase  in  crystallized 
amorphous  ribbons  to  at  least  1000  °C,  in  agree- 


Figure  4.  As-cast  Fe-24  at.%  B  melt-spun  ribbon  with 
Bitter  solution;  (a)  bright  field,  showing 
domains  in  cast-in  Fe3B  crystals,  (b)  dark 
field,  showing  domains  in  adjacent  amor¬ 
phous  matrix. 


mem  with  the  phase  diagram  of  Rundqvist.'7’ 
Chill-cast  ingots  annealed  at  1000  °C  for  three  days 
also  consist  predominantly  of  this  phase,  and  the 
Bitter  technique  reveals  that  the  grains  in  annealed 
Fe-23B-2P  and  Fe-20B-5P  exhibit  easy-axis  mag¬ 
netic  symmetry.  No  Kerr  domain  contrast  was  seen 
in  Fe3B  or  Fe3(B,P). 

DISCUSSION 

Magnetic  domain  patterns  indicating  substantial 
easy-axis  magnetic  anisotropy  were  seen  in 
orthorhombic  Co3B  and  (Co,Fe)3B  and  in  tetragonal 
Fe3B  and  Fe3(B,P).  They  were  not  seen  in  C02B  or 
(Co  75Fe  2shB,  but  were  seen  in  (Co  sFeshB.  The 
latter  observation  is  consistent  with  direct  anisotropy 
measurements  on  (Co,Fe)2B  compounds  by  Iga,'8) 
who  found  that  the  easy-plane  symmetry  of  C02B 
changed  to  easy-axis  with  the  substitution  of 
sufficient  Fe  for  Co. 

The  average  width  of  surface  domains  on  thick 
crystals  can  be  used  as  a  measure  of  domain-wall 
energy.'9  10)  Using  the  method  of  Bodenberger  and 
Hubert, <l0,  we  estimate  a  wall  energy  of  17  ergs/cm2 
for  Co3B.  This  is  intermediate  between  the  wall 
energies  of  Co  and  Co;Ce.(9> 

Omori  and  Hashimoto""  recently  noted  it  . is 
difficult  to  distinguish  between  Co3B  and  Co2B 
phases  by  optical  microscopy.  As  shown  in  the 
present  work,  however,  their  different  magnetic 
symmetries  make  it  easy  to  distinguish  between 
these  phases  by  Kerr  or  Bitter  techniques.  Domains 
in  easy-axis  Co3B  have  a  significant  component  of 
magnetization  normal  to  the  surface,  producing  both 
a  polar  Kerr  effect  and  significant  ferrofluid  collec¬ 
tion.  In  easy-plane  C02B,  magnetization  remains 
parallel  to  the  surface,  and  neither  effect  occurs. 

Metallographic  observations  indicate  that  substi¬ 
tution  of  Fe  for  Co  decreases  the  temperature  range 
of  stability  of  the  orthorhombic  Co3B  phase.  Substi¬ 
tution  of  P  for  B  increases  the  stability  of  the  tetrag¬ 
onal  Fe3B  phase. 

Identification  of  easy-axis  magnetic  anisotropy  in 
boride  phases  with  high  Curie  temperatures  and 
magnetizations  suggests  them  as  possible  candidates 
for  permanent-magnet  materials.  However,  direct 
measurements  of  anisotropy  constants  are  necessary 
to  assess  fully  their  potential. 
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